The growth sequence of gas-phase cholesterol clusters ͑Ch N ͒ with up to N = 36 molecules has been investigated by atomistic simulation based on an empirical force field model. The results of long annealings from high temperature show that the geometric motifs characterizing the structure of pure cholesterol crystals already appear in nanometric aggregates. In all clusters molecules tend to align along a common direction. For cluster sizes above the smallest ones, dispersion interactions among the hydrocarbon body and tails of cholesterol cooperate with hydrogen bonding to give rise to a bilayer structure. Analysis of snapshots from the annealing shows that the condensation of hydrogen bonds into a connected network of rings and chains is an important step in the self-organization of cholesterol clusters. The effect of solvation on the equilibrium properties of medium-size aggregates is investigated by short molecular dynamics simulations for the N = 30 and N = 40 clusters in water at near ambient conditions and in supercritical carbon dioxide at T = 400 K.
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I. INTRODUCTION
Cholesterol, a well known member of the sterol family, is an essential component of biological membranes and plays an important role in a variety of biological and biochemical processes. 1 In the popular perception, its beneficial effects often are obscured by the health hazard represented by abnormally high cholesterol concentrations, which greatly increase the risk of cardiovascular diseases and potentially lead to infarction and stroke. 2 Almost without exception, the negative side effects of cholesterol are associated to its precipitation out of oversaturated physiological solutions, giving rise to plaques that clog arteries or producing stones in the gallbladder. The clinical impact of these processes points to the nucleation of cholesterol aggregates as an important topic for biomedical research. The biomedical relevance of nanometric cholesterol aggregates is further increased by the possibility of using lipid, 3 and thus also cholesterol, 4 for innovative drug delivery strategies. Lipid vesicles and micelles, in particular, provide a protective coating for hydrophobic species, while the incorporation into inverted micelles could greatly enhance the translocation rate of hydrophilic species across biomembranes. 5 At a more fundamental level, pure cholesterol is known to display a fascinating variety of low-dimensional structures ͑micelles and vesicles͒ in water solution 6, 7 and to crystallize into two distinct forms, 8 whose relative stability depends on temperature, with a solid-solid transition taking place at T = 312 K. 9, 10 Both crystal forms consist of the stacking of compact cholesterol bilayers, stabilized by dispersion forces among the hydrocarbon bodies, and fastened by chainlike arrangements of hydrogen bonds formed by the OH molecular terminations ͑see balance of dispersion, steric, and entropic interactions with hydrogen bonding appears to determine also the structure of the several cholesterol-monohydrate crystal forms, which are known from experiments. 11, 12 The variety of forms and shapes resulting from cholesterol aggregation is greatly enhanced if in addition to equilibrium phases we consider nonequilibrium structures produced by sudden precipitation out of supersaturated solutions. 13 The optical properties of cholesterol crystallites arising from these processes display a distinctive biaxial character, resulting from the anisotropic growth within the plane of the bilayers and in the direction of the bilayer stacking. The detailed shape of the crystallites, however, is influenced by a large number of physical and chemical parameters, including temperature, pH, electrolyte strength, and quality of the solvent ͑see Ref. 14͒. Moreover, nucleation conditions also play a role, and the result of precipitation depends on the quality and concentration of third species in solutions, such as proteins, 15 and can be drastically modified by the presence of interfaces with a solid ͑mineral͒ support 16 or with biomembranes. 17 All these considerations emphasize the interest of small cholesterol aggregates, whose thermodynamic and structural properties are important to understand all the phenomena briefly mentioned above.
As a first step, we investigate by computer simulation ground state and thermal properties of gas-phase cholesterol clusters ͑Ch N ͒ with up to N = 36 molecules using an atomistic force field model. The results show that the same combination of dispersion ͑van der Waals͒ interactions, hydrogen bonding, steric, and entropy effects that determine the structure of the crystal phases is already at play in nanometric cholesterol aggregates. Moreover, and more importantly, the relative weight of all these factors is similar for clusters and for crystals. As a result, characteristic motifs seen in cholesterol crystals, such as bilayers, linear chains of hydrogen bonds, and a nearly parallel orientation of cholesterol molecules, appear very early in the growth sequence.
The relatively weak cohesion of cholesterol clusters and cholesterol crystals makes them sensitive to interactions with the surrounding medium. Structural properties of nanoaggregates and their detailed growth sequences, in particular, are likely to be greatly affected by solvation. Moreover, because of the amphiphilic properties of cholesterol, the effect of solvation is expected to be qualitatively different for solvents able to accept and/or donate hydrogen bonds, and for hydrophobic solvents, preferentially interacting with the hydrocarbon body of cholesterol.
To provide a first qualitative assessment of the role of solvation, molecular dynamics ͑MD͒ simulations have been carried out for an aggregate made of 10, 30, and 40 cholesterol molecules immersed in liquid water and in supercritical carbon dioxide. 18 The size of this cluster is below the range estimated for fully formed micelles ͑or inverted micelles͒, exposing a smooth and complete hydrophilic ͑hydrophobic͒ surface to the water ͑CO 2 ͒ contact. Nevertheless, the simulation results display the structural and dynamical properties expected for aggregates of amphiphilic molecules solvated in these two fluids of complementary character. In both cases clusters are more globular and far more floppy than in the gas phase. In the case of water, and especially at relatively low temperature, cholesterol clusters still partly retain structural features characteristic of the gas-phase structures. The microscopic organization of gas-phase and water solvated clusters, however, is drastically different since in the former case the OH termination of cholesterol points toward the center of the cluster, while in the latter it points outward partly because of slightly stronger hydrogen bonding with water and certainly stabilized also by entropic effects.
Our simulations for cholesterol clusters in supercritical CO 2 have been carried out at fairly high temperature and pressure ͑T Ն 400 K , P Ն 1.2 kbar͒, far from the conditions used in extraction processes ͑see Ref. 19͒ and approaching those used to dissolve a sizable amount of cholesterol 20 as a preliminary stage in the generation of nanometric aggregates in a beam by supersonic expansion. 21 At these conditions, similarities with the gas-phase configuration can hardly be recognized partly because of high temperature and because of strong and rapidly fluctuating interactions with the solvent. In this last case, cholesterol molecules are still predominantly oriented along the radial direction, diverging from the center of mass of the cluster. However, the OH terminations of cholesterol are nearly uniformly distributed over the entire cluster volume, and hydrogen bonding is nearly irrelevant. The results of these simulations for medium-size solvated aggregates complement the information provided by a recent computational investigation of cholesterol clusters adsorbed at the surface of water. 22 Unfortunately, no experimental data are available for comparison with the computational results, especially for gas-phase clusters. However, nanometric cholesterol aggregates free of interactions with a solid substrate or with a solvent could be produced by advanced beam techniques 23 and then stored in an ion-trap ͑upon complexation with a charged partner͒ and investigated by optical spectroscopy. 24 A sizable and growing amount of chemical physics data is instead available for clusters solvated in water. 7 Moreover, the nucleation of cholesterol solids out of a water solution has been investigated by grazing x-ray diffraction in Ref. 25 .
II. THE MODEL AND THE SIMULATION METHOD
Cholesterol is a relatively simple organic molecule, consisting of a nearly saturated hydrocarbon frame with a OH group ͑alcohol termination; see Fig. 2͒ . The hydrocarbon frame, in turn, can be divided into a polycyclic body and a fairly flexible alkane tail. The nearly planar symmetry of the polycyclic body is broken by two methyl groups sticking out of the same ͑␤−͒ side of the molecule, while the opposite ͑␣−͒ side is relatively flat.
The intramolecular backbone of covalent bonds appears to be nearly free of strain, apart from a slight distortion of the fivefold ring C 13 -... -C 17 and an even smaller deformation of the C 5 -... -C 10 sixfold ring due to the double bond between C 5 and C 6 . Moreover, the electronic polarizability of cholesterol is relatively low ͑especially considering the mo-lecular size͒, as shown by the small value of the high frequency dielectric constant ͑⑀ ϱ ϳ 2͒ for liquid and solid phases of cholesterol and closely related derivatives. 26 From the point of view of molecular modeling, therefore, cholesterol appears an almost ideal candidate for empirical force field approaches, and several generic models could be used to simulate cholesterol molecules. Moreover, specific models have already been developed and tested, 27 giving satisfactory results. Nevertheless, we use an all-atom interatomic potential developed by us, and described in Ref. 22 , partly for consistency with our investigation of cholesterol islands on water and partly for its compatibility with the DL_POLY ͑Ref. 28͒ molecular dynamics package used for a portion of our computations.
Geometric constraints and, to a lesser extent, the isolated C 5 =C 6 double bond impart a remarkable rigidity to the macrocyclic body of cholesterol. As a result, the atom by atom description of cholesterol is highly redundant; the dynamical and the thermodynamic properties of this molecule are far more efficiently described by a few collective variables giving the center of mass position, the orientation of the main body, and the rotational isomer of the tail. Monte Carlo ͑MC͒ approaches have distinct advantages in incorporating these features into an efficient sampling scheme, and this consideration has played a major role in our choice of the simulation method.
The primary computational tool used to optimize the structure of pure cholesterol cluster has been represented by Monte Carlo simulation. We used a program developed in house, including a sequence of multiatom moves required to sample efficiently the rugged energy landscape of these molecules. The moves include rigid translation and rotation of whole molecules, the rotation of all different segments of the alkane tail, the rotation of the OH group, as well as singleatom displacements to locally relax the atomistic structure. All moves and acceptance rules are consistent with the basic principles of Monte Carlo simulations. In particular, to ensure microscopic reversibility, the succession of different moves is selected at random. On average, a full set of multiatom moves is performed for every single-atom attempted displacement. In what follows, the length of the MC runs is measured by the number of attempted single-atom displacement. It is important to realize, however, that this corresponds to a larger number of attempted changes for the relevant collective coordinates, resulting in significant acceptance ratios and large mean square displacements even at fairly low T. In many respects, our MC implementation emphasizing multiatom over single-atom moves represents an intermediate stage in between atomistic and coarse grained models.
The MC optimization is carried out by simulated annealing, i.e., by first equilibrating the systems at T = 600 K and then reducing T in steps of 20 K. The amplitude of the attempted displacements and rotations are progressively reduced with decreasing T to maintain the corresponding acceptance ratios in the 0.3-0.5 range. The starting temperature is only slightly below the boiling point of cholesterol and also close to the temperature at which it thermally decomposes. This last change, of course, does not affect simulation since our potential does not allow covalent bonds breaking. Clusters nucleate quickly already for 500Յ T Յ 600 K and coalescence into a unique aggregate, which takes place for 450Յ T Յ 500 K. Evaporation of molecules during the first stages ͑T Յ 450͒ of the annealing is prevented by the application of a weak quadratic potential at distances R Ն 50 Å from the origin. Simulations are discarded ͑or the temperature is raised again to T = 600 K͒ if the sample is still divided into different aggregates below T = 450 K. The experimental melting temperature of bulk cholesterol is T M = 423 K, 12 and molecules are expected to maintain high molecular mobility down to fairly low temperatures in clusters of nanometric size. Each annealing cycle consists of ϳ200ϫ 10 6 single particle MC moves. Thermal averages reported in the following sections have been computed over at least 2 ϫ 10 6 MC moves.
At the lowest temperature range ͑T Ͻ 80 K͒, however, even collective modes are frozen out, and single-atom displacements are very ineffective in minimizing the energy. Therefore, the MC annealing cycle is complemented by a quenched molecular dynamics energy minimization carried out with the DL_POLY package. 28 The annealing is repeated about ten times for every cluster size, starting from a different random configuration or reheating the result of previous annealings. Computational time scaled nearly linearly with cluster size upon limiting the range of all interactions to 12 Å, and the annealing of a medium-size cluster ͑N =24͒ requires about 10 days on a 
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Cholesterol nanoparticles J. Chem. Phys. 131, 034906 ͑2009͒ single OPTERON CPU. Simulations for different cluster sizes and different starting points for the same size have been distributed over many CPUs, but no effort has been made to parallelize the MC code. Needless to say, we do not think that our relatively simple simulated annealing strategy provides a certain or even a very likely identification of the absolute energy minimum for any size above the smallest ones. In fact, even for much simpler systems, much more sophisticated methods 29 are required for a thorough characterization of the potential energy surface of clusters. Nevertheless, our method, based on the characteristic geometric and dynamical properties of the cholesterol molecule, provides a coherent picture of bonding for these systems, and the systematic trends and common geometric motifs found by simulation support our claim of having identified the important features in the growth sequence of cholesterol clusters. Our confidence of having at least identified representative low-energy structures is enhanced by the observation that for any given size, all annealings produce geometries whose energy per cholesterol molecule is well within 4 kJ/mol from the most stable one. For instance, the standard deviation of the resulting energy per particle for the N = 20 cluster turns out to be 2 kJ/mol. Moreover, the analysis of the acceptance ratio for the different move types and of the related mean square displacements confirms that our MC procedure is very effective in sampling the collective coordinates that describe the clusters' configuration. Test runs carried out using molecular dynamics show that the frequency of events, such as molecular reorientation, rotational isomerization, and large elongation molecular displacements, takes place at a frequency that is far too low for a method whose time step is limited by the high frequency atomic dynamics. On the other hand, the relative merit of MD and MC strongly depends on cluster size since the likelihood of accepting long elongation multiatom displacements is large for the moderately coordinated molecules in small clusters and negligible for the highly coordinated molecules at the center of medium and large clusters. Therefore, the 1 Ͻ N Յ 36 size range we investigated probably is the largest that can be efficiently explored by MC.
The advantage of MC over MD turns into a disadvantage also in the case that a medium-size molecule such as cholesterol is solvated into a liquid made of small molecules such as water or CO 2 because the presence of the small molecular species will limit the elongation of acceptable displacements or isomerization rate for the larger species. For this reason, clusters solvated in water and in supercritical CO 2 have been simulated by molecular dynamics using again the DL_POLY package. 28 In the case of CO 2 we used a simulation cell with 3000 CO 2 molecules. In the case of water, the cholesterol cluster was surrounded by 2850 water molecules. Most simulations have been carried out in the NPT ensemble with a time step of 1 fs. The only exception is represented by the simulation of Ch 10 in water carried out at NVT conditions.
Water is described by the flexible-bonds three-center potential in Ref. 30 , whose properties are well documented in the literature. The water-cholesterol cross interactions deviate somewhat from the ideal Berthelot rules ͑see the detailed discussion in Ref. 22͒ to compensate for an apparent overestimation of the cholesterol-water intermixing observed in our computation for cholesterol islands when using the standard ͑Berthelot͒ combination of nonbonded interactions. Carbon dioxide is also described by a flexible-bonds three-center potential, starting from the parametrization proposed in Ref. 31 . Also in the case of CO 2 , the nonbonded cross interaction with cholesterol deviates somewhat from Berthelot's rule. Modifications have been introduced to restore the qualitative agreement of simulation with known experimental facts. More precisely, experimental measurements have shown that cholesterol gives rise to ͑dynami-cally͒ stable aggregates in supercritical CO 2 .
18 Preliminary simulations for cholesterol clusters in supercritical CO 2 carried out with the CO 2 potential in Ref. 31 and the cholesterol potential in Ref. 22 combined via Berthelot's rule, however, have shown that cholesterol clusters quickly dissolve at supercritical CO 2 conditions even at concentrations far above the experimental equilibrium solubility at the temperature and pressure of the simulation. To stabilize cholesterol clusters, therefore, we changed the Lennard-Jones cross interactions into
where ␦ = 0.95 and ⑀Ј is 80% of the value corresponding to Berthelot's rule. Clusters in solution have been equilibrated for at least 4 ns, and statistics has been accumulated during a further run of 7 ns in the case of water and 4 ns in the case of CO 2 .
III. SIMULATION RESULTS

A. Gas-phase clusters
Gas-phase cholesterol clusters with up to N = 36 have been simulated. Each annealing started from a random geometry, with molecules uniformly distributed within a sphere of radius R = 40 Å and with nearly isotropic orientation of the main molecular axis. No periodic boundary conditions are applied in simulations for the gas-phase clusters. Starting from this vapor configuration, clusters form in the early stages of the annealing and progressively acquire a fairly regular geometry with temperature decreasing to nearly 0 K. The average potential energy decreases monotonically and nearly linearly with decreasing T. The precise identification of the different stages of cluster formation and ordering by thermodynamics means is unfortunately prevented by large fluctuations at high T and by the limited value of the potential energy or specific heat variations associated to these processes. As already mentioned in Sec. II, the MC annealing is continued down to T = 20 K, but below T ϳ 80 K the method is rather ineffective in removing the residual energy, and a final stage of structural optimization by quenched MD is needed to obtain reliable energies for the structures identified by MC.
We first discuss the structural information since this gives us a basis for the interpretation of the cohesive energy data. A general observation, valid for all low-energy structures, is that molecules tend to align their longer axis along a common direction apparently because of the elongated shape of cholesterol. This feature anticipates the important role of crystal liquid states in the phase diagram of cholesterol and of closely related cholesterol derivatives. 32 The lowest energy structure of the cholesterol dimer is illustrated in Fig. 3 . The two molecules are joined through their flat ␣-side with their tails folded toward the OH termination of the partner molecule. Pairs of cholesterol molecules joined by their ␣-sides are an important structural motif in cholesterol crystals and appears also in our simulation results for dense cholesterol films on water. 33 The hydrogen-bonded version of Ch 2 , illustrated in Fig. 3͑b͒ , is 13 kJ/mol higher in energy than the ground state. The hydrogen bond is relatively weak, with an O-O distance of 3.91 Å, apparently strained by competing dispersion and steric interactions. The Ch 2 ground state geometry only rarely appears in the low-energy structure of larger clusters as a clearly identifiable motif. The dimer geometry shown in Fig. 3͑b͒ instead can be identified in clusters up to fairly large sizes. This difference might be related to a different ability of these two configurations to give rise to more extended structures under the effect of dispersion forces.
Hydrogen bonding first appears as a relevant ground state feature in the cholesterol trimer, whose lowest energy structure ͓shown in Fig. 4͑a͔͒ is characterized by two connected hydrogen bonds. In both cases the O-H-O configuration is nearly linear, but the O-O distance ͑d OO = 3.45 Å͒ is fairly long, pointing to strained and relatively weak hydrogen bonds. The two hydrogen bonds of Ch 3 form an angle of 92°, somewhat narrower than the 109°expected for tetrahedral bonding around each of the oxygen atoms. Not surprisingly, the short chain of hydrogen bonds does not close onto itself since the 60°angles required for such a triangular configuration would represent a major distortion of the already strained bonding around the O atoms. As a result, the three O atoms ͑and the corresponding Ch molecules͒ are all inequivalent, since one acts exclusively as a hydrogen-bond donor, one as a hydrogen-bond acceptor, while the third one both accepts and donates a hydrogen bond. A different configuration of Ch 3 , illustrated in Fig. 4͑b͒ and having only one hydrogen bond, is more appropriately described as a 2 + 1 cluster. Its energy is less than 8 kJ/mol higher than that of the lowest energy structure, emphasizing the remarkable stability of the Ch 2 dimer, nearly compensating the loss of a ͑weak͒ hydrogen bond.
The interplay of hydrogen bonding, dispersion interactions, and steric considerations is apparent also in the lowest energy structure found for Ch 4 ͑see Fig. 5͒ . As expected, the axes of the four molecules are nearly parallel to each other. The four OH groups are exposed on one side of the Ch 4 elongated structure and form two distinct and rather weak hydrogen bonds with an O-O distance of 3.80 Å. The two hydrogen bonds are too separated from each other ͑O-O distance of about 6 Å͒ to interact. A closer look, in fact, shows that the cluster can be described as consisting of two Ch 2 pairs, each adopting a geometry similar to the one in Fig.  3͑b͒ , bound by dispersion forces.
No new motifs appear in the low-energy structures found for Ch 5 and Ch 6 by our simulations. For these two sizes, in fact, all the low-energy geometries can be seen as obtained by combining Ch 2 and Ch 3 units in the geometries described above. Two related new features instead appear simultaneously with Ch 7 , whose lowest energy configuration shows a geometry reminiscent of the double layer structure of extended phases. As can be seen in Fig. 6 , the molecular axes are orthogonal to a common plane that divides the cluster into two unequal parts. All OH terminations of the cholesterol molecules are adjacent to the equatorial plane, giving rise to a folded chain of hydrogen bonds. The arrangement of the OH groups in the equatorial plane is shown in Fig. 6͑b͒ . All O-O distances are less than 2.90 Å, pointing to strong hydrogen bonds. The alternate location of cholesterol molecules with respect to the central plane plays an important role in promoting the formation of the hydrogen-bond chain, unhindered by steric constraints that would instead arise from a one sided geometry. In fact, only molecules on opposite sides of the central plane are able to form strong hydrogen bonds.
The hints of double layer structure that appear with Ch 7 are fully developed for N Ն 10. In this respect, the Ch 13 structure shown in Fig. 7 can be considered as representative of medium-size clusters up to N = 20. In all cases, clusters display a clear equatorial plane hosting the OH groups. Molecules are arranged on the two sides of the OH location, with their axes perpendicular to the equatorial plane. The high density of OH groups in this plane favors the formation of long hydrogen-bond chains that sometimes close themselves into rings. Moreover, especially for N Ͼ 10, the hydrogenbond chains often display branching. Both features are apparent in the hydrogen-bond configuration of Ch 13 displayed in Fig. 7͑b͒ . Analysis of the different energy contributions shows that for N Ͼ 6, hydrogen-bonding accounts for ϳ25% of the cluster cohesive energy. On the other hand, the short range and directionality of hydrogen bonding make this contribution very sensitive to the atomistic structure of the aggregate. Analysis of simulation snapshots selected at different temperatures during the annealing shows that the condensation of hydrogen bonds into a connected structure takes place around T = 320 K.
Needless to say, not all lowest energy structures found by our simulations strictly conform to these simple rules. Deviations from the picture describe above, in fact, become more frequent with increasing cluster size possibly because of limitations in our optimization strategy that become more severe with increasing N or, perhaps, because of the competing effect of different bonding and packing patterns. In some cases, for instance, one molecule appears to be antiparallel to the local prevailing orientation, pointing its OH termination away from the equatorial plane. Very likely, this is a defect resulting from incomplete optimization. However, reversing the Ch orientation by hands and briefly reoptimizing the configuration always gave rise to configurations of slightly higher energy. In some other cases, one molecule lies in the equatorial plane, wrapped around the central disk of OH ter- 
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minations. Also in these cases, the observed configuration is likely to be an artifact of incomplete optimization, but the relatively high frequency of this geometry suggests that it might have some reason of stability.
The fairly high frequency of the defective structures described above gives a slightly more globular character to the lowest energy structure of clusters with more than 20 molecules ͑see, for instance, N = 24 in Fig. 8͒ , as opposed to the more discoidal geometry of clusters with 10Յ N Յ 20. Nevertheless the equatorial disk of OH groups and hydrogen bonds is always apparent, and long, curved, and often branched hydrogen-bond chains are always seen in lowenergy geometries. These considerations apply up to the largest size we investigated, i.e., up to N = 36.
The most direct measure of the cluster morphology might be given by the distribution of the principal momenta of inertia for the aggregates that display a clear separation between two large momenta, and a smaller one, as expected for oblate ellipsoids. Transitions from oblate to prolate ellipsoid and eventually to spheroidal aggregates are expected to take place with increasing cluster size. 34 The lowest energy U obtained for each cluster size N is combined with the ground state energy of the single cholesterol molecule to compute the cohesive energy per molecule defined as u b ͑N͒ =−͓U͑N͒ − N ϫ U͑1͔͒ / N. The results are shown in Fig. 9 . As apparent from the figure, the size dependence of u b displays a downward curvature, providing information on the surface energy of small cholesterol clusters. The simulation data are interpolated by the expression
This analytic fit corresponds to a spherical aggregate of cohesive energy a and surface tension
where V 1 is the volume per cholesterol molecule in the low temperature crystal phase. The form of the interpolation is suggested by the approximately globular shape of the optimized clusters, and it provides an excellent fit to the simulation data ͑dots in Fig. 9͒ , as shown by comparison with the continuous line representing the analytic interpolation.
The N → ϱ limit of u b ͑N͒, corresponding to the coefficient a of the fit, provides an estimate for the cohesive energy of extended system. The result, i.e., e b = 142 kJ/ mol, turns out to be in fair agreement with the cohesive energy e b = 151 kJ/ mol computed with the same potential for the low temperature crystal phase of cholesterol. The agreement turns out to be excellent if the bilayer-bilayer interaction, present in the crystal phase and absent in the clusters, is separately accounted for. On the other hand, it is apparent that clusters with up to N = 36 molecules are still very far from the macroscopic limit, their cohesive energy per molecule being only ϳ60% of the crystal limit. This observation is somewhat surprising given the apparent short range of the intermolecular interactions. The estimate of the surface tension provided by Eq. ͑3͒ turns out to be ␥ = 0.037 kJ/ m 2 . The discoidal shape of clusters for 7 Յ N Յ 20 suggests other forms for the analytic fit. All attempts, however, give interpolations whose 2 is practically indistinguishable or even worse than the one given by Eq. ͑2͒.
The simulation results for u b ͑N͒ can be represented as the combination of a regular part expressed, for instance, by the analytic fit of Eq. ͑2͒, with a few peaks and dips superimposed to it. Beyond the very small sizes, the interpretation of this oscillating component of u b ͑N͒ is not immediate, and, in particular, it is not possible to identify a sequence of magic numbers arising from a well defined two-dimensional ͑2D͒ packing sequence.
Below T ϳ 500 K the temperature dependence of the average potential energy is nearly linear for all cluster sizes. Only for the largest aggregates, the results display slight deviations from linearity that might point to an incipient liquidsolid transition broadened by finite size effects. For N Ն 20 this broad anomaly is located at T ϳ 320 K, and it might be related, at least in part, to the formation of the hydrogenbond network. These qualitative observations are confirmed by the results for N = 24 shown in Fig. 10 . The deviation of the average potential energy per particle u͑T͒ from linearity is emphasized by subtracting from u͑T͒ a linear contribution 
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Cholesterol nanoparticles J. Chem. Phys. 131, 034906 ͑2009͒ ͑u 0 + c 0 T͒, approximating the low-temperature portion of u͑T͒ ͑see Fig. 10 , top panel͒. The temperature range of the potential energy anomaly corresponds to the temperatures at which chains of H-bonds organize themselves, as shown by the plot of the average chain length ͗L͘ as a function of T ͑see Fig. 10 , top panel͒. The average length ͗L͘ has been computed by first identifying connected clusters of hydrogen bonds and then averaging over all clusters whose size is larger than three molecules. Further information is provided by the computation of the standard deviation ͗⌬L͘ of the average length ͗L͘, shown in the inset of Fig. 10 . The broad peak of ͗⌬L͘ at T ϳ 320 K could be seen, in fact, as a measure of the specific heat contribution due to the formation of hydrogen-bond chains. Analysis of dihedral angles in the alkane tail shows that a large number of rotational isomers are populated even at low temperature, confirming that a sizable amount of entropy arises from the configuration of the tail.
IV. CHOLESTEROL CLUSTERS IN LIQUID WATER AND IN SUPERCRITICAL CO 2
The structural features and general properties discussed in Sec. III A for low-temperature gas-phase clusters are, not surprisingly, greatly modified by solvation in H 2 O and in CO 2 above room temperature. The special case of small cholesterol clusters ͑N Յ 10͒ adsorbed on the liquid water surface at T = 280 K has been investigated in detail in Ref. 22 . The results show that in this case cholesterol forms 2D aggregates with molecules lying flat on the water surface. The surface confinement and the cholesterol aggregation are driven by both potential energy and entropy contributions. The water-cholesterol interaction is fairly strong, and the cluster adsorption is accompanied by a sizable distortion of the planar surface of water.
Simulations for cholesterol in liquid water have been carried out for two cluster sizes, i.e., N = 30 and N = 40, at T = 320 K and T = 350 K. Limited simulation has been carried out also for N =10 at T = 320 K to provide an upper bound for the saturation concentration of cholesterol in water at the conditions of our simulation. Starting configurations have been obtained by cutting a finite portion of an extended bilayer in water, whose simulation is reported in Ref. 33 . Each sample is equilibrated over 4 ns before statistics is accumulated during NPT runs of 7 ns at P = 1 atm. Running averages of structural and thermodynamic properties do not show any apparent drift after equilibration.
At both temperatures all clusters, including the N =10 case, appear to be well defined and stable over simulation times of several nanoseconds, confirming that the saturation concentration is low, as expected for a compound whose molecular solubility is negligible, and dissolves in water only in the form of micelles and vesicles.
The analysis of animations extracted from the simulation trajectory reveals a few similarities with the structural features already seen in the gas-phase clusters. Cholesterol molecules, in particular, still display a fair degree of parallel alignment along a common direction and are arranged on an approximately two-layer geometry. The discoidal character displayed by gas-phase clusters is partly retained by solvated clusters, even though their average structure appears to be somewhat rounded by thermal motion and by the interaction with water. Despite these similarities, however, the organization of cholesterol aggregates in water is very different from that of gas-phase clusters. In the gas phase, for instance, the intralayer plane is occupied by the OH groups, whose hydrogen bonds represent a sizable source of cohesion. In water solvated clusters the molecular orientation is reversed, and the center of the aggregate is occupied by the hydrocarbon body and tail of cholesterol molecules, where they are relatively protected from contact with water. The OH groups, in this case, are oriented outward, stabilized by a fairly high number of hydrogen bonds with water. The formation of a complete hydrophilic surface, characteristic of micelles, is still prevented by the small cluster size, and limited water/ hydrocarbon contact takes place at the lateral surface of the discoidal aggregates.
Down to T = 320, cholesterol molecules display a nonnegligible mobility with respect to each other, and also the isomerization rate of their tail is sizable. As a result, clusters appear to be liquidlike, or, taking into account the prevalent parallel orientation of molecules, they appear to be in liquidcrystal state. The fairly high mobility of cholesterol molecules enhances our confidence in the equilibration of the simulated samples. The fluid state of the organic aggregates is confirmed by the plot of the average density of cholesterol atoms ͑all included͒ around the cluster center of mass ͓see Fig. 11 for N = 30 and T = 350 K͒ that does not display any apparent structure besides the smooth drop-off at the cluster boundary. Moreover, the average density in the central portion of the cluster is relatively close to ͑Ͼ92%͒ the value measured in the equilibrium crystal phase at room temperature. For both cluster sizes and temperatures, the cholesterolwater interface is fairly broad, as a consequence of ͑i͒ the liquidlike character of solvent and solute, ͑ii͒ the low interfacial tension, and also ͑iii͒ the nonspherical shape of the aggregates. The combined effect of ͑i͒-͑iii͒ can be quantified by computing the 90-10 length ͑⌬ 10 90 ͒ of the interface, defined as the width of the region over which the density drops from 90% to 10% of the bulk value. To within the estimated error bar, this width turns out to be the same ͑⌬ 10 90 =5Ϯ 1 Å͒ for the N = 30 and N = 40 cholesterol clusters in water at the conditions of our simulations. The distribution of water oxygens around the cluster center of mass shows a significant overlap with the cholesterol atoms density partly because of the nonspherical shape of the aggregates and, more importantly, because of the attractive interaction with the cholesterol OH groups. Water, however, is excluded from the central portion of the cluster.
The width of the surface region for gas-phase clusters, shown in the upper panel of Fig. 11 for a comparison, is somewhat broader than in the case of water solvated aggregates apparently because of the discoidal character of the gas-phase structure that is retained even at T = 350 K. The most interesting feature displayed by the simulation results, however, is the density distribution for the O of cholesterol, displaying a peak at the cluster boundary, as shown in Fig.  11 . This contrasts with the result for the gas-phase clusters, also shown in Fig. 11 , whose OH density is peaked at the center. This clear inversion of the cholesterol orientation is the most apparent effect of solvation into water, and as already anticipated, it is due to the formation of hydrogen bonds with water. On average, each cholesterol molecule is engaged in 1.2 hydrogen bonds either as donor or as acceptor. The great majority of these bonds connects cholesterol and water, while cholesterol-cholesterol hydrogen bonding is very rare.
Carbon dioxide is a vapor at the conditions considered for cholesterol in water, with a density that is too low to greatly affect the state of the clusters. Partly for this reason and, more importantly, because of the interest arising from applications, 35 simulations have been carried out for the N = 30 cluster in CO 2 at T = 400 K and P = 1.2 Kbar in the supercritical region of the CO 2 phase diagram. Additional computations have been carried out for the same cluster at T = 490 K and P = 5 Kbar, a state lying on the same adiabat of the previous one. The equation of state has been computed following Ref. 36 . Once again, we emphasize that these conditions correspond to higher temperature and higher pressure than those used in extraction processes or in experiments aiming at solvating functional biological systems. High T and high P have been adopted here partly to enhance the cholesterol-solvent coupling and thus to speed up equilibration and partly to investigate the conditions of cluster formation during adiabatic supersonic expansion from concentrated cholesterol/ CO 2 mixtures from supercritical conditions.
The cholesterol cluster is well defined and stable at T = 400 K, while at T = 490 the evaporation of single cholesterol molecules is observed even during relatively short simulations of 200 ps. For this reason, in what follows the discussion concerns the T = 400 K data only. Evaporation is not observed at T = 400 K, but the stability of Ch 30 appears to be marginal, as shown by large fluctuations in the cluster geometry. This might be due to the high solvation potential of supercritical CO 2 , 18, 37 well documented in the experimental literature, especially at the fairly high temperature of the simulation. However, the marginal stability of the aggregate might also be due, at least partly, to a residual overestimation of the cholesterol/ CO 2 attractive interaction.
Despite the large fluctuations, we can observe and quantify a few relevant properties for the cholesterol cluster. First of all, the discoidal character of the aggregates is lost at the conditions of these last simulations. In other words, the oblate signature in the cluster morphology is also lost, and the principal momenta of inertia display large fluctuations, without a clear relation among each other. The Ch 30 cluster, as expected, is fluid and in fact very disordered. Again as ex- 30 cluster ͑a͒ in water at T =320 K, ͑b͒ gas phase at T = 320 K, and ͑c͒ in CO 2 at T = 400 K. Full line ͑blue͒: carbon atoms of cholesterol; dotted line ͑red͒: oxygen of cholesterol; dashed line ͑black͒: water oxygen in panel ͑a͒, CO 2 carbon in panel ͑c͒. Each density has been divided by the density of the same species at the same thermodynamic state, i.e., low-temperature crystal phase for cholesterol carbon, liquid water for water oxygen, and supercritical CO 2 for CO 2 carbon.
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Cholesterol nanoparticles J. Chem. Phys. 131, 034906 ͑2009͒ pected, the plot of the density of atoms around the center of mass is virtually structureless and displays a broad CO 2 / cholesterol interface ͑⌬ 10 90 =10 Å͒. Comparison with the density distribution for the oxygen of CO 2 shows that cholesterol and CO 2 mix considerably at supercritical conditions, and even in the vicinity of the cluster center of mass, the CO 2 concentration is not negligible. Because of this mixing and also because of thermal expansion, the average density of cholesterol close to the center is ϳ10% less than the density of the crystal phase at standard conditions.
V. SUMMARY AND CONCLUSIONS
Pure cholesterol at near ambient temperature gives rise to two crystal forms both consisting of the regular stacking of bilayers in which molecules lie parallel to each other, with their tails occupying the central portion of the bilayer and the OH terminations all pointing outward. Bilayers are stitched together through their OH termination, giving rise to extended chains of hydrogen bonds, each joining molecules arranged on the opposite side of the plane separating adjacent bilayers.
Geometry optimization based on an empirical force field potential and carried out by MC annealing shows that the basic structural motifs characterizing the crystal structure appear very soon in the growth sequence of gas-phase cholesterol clusters. Low-energy structures of nanometric aggregates with N = 13 molecules, for instance, display a clear partition of cholesterol on the two opposite sides of a common layer on which molecules converge with their OH terminations, giving rise to chains and rings of hydrogen bonds. The similarity with the crystal phases is enhanced by the nearly parallel orientation of all cholesterol molecules due to the elongated shape of cholesterol and anticipating the important role of its liquid-crystal phases. The juxtaposition of molecules of opposite orientation interacting by their OH terminations reduces lateral crowding and favors the formation of contiguous hydrogen bonds giving rise to extended structures.
The growth sequence emphasizes that the basic cohesive element in clusters and, very likely, in crystals is given by the planar arrangement of cholesterol-cholesterol hydrogen bonds. This observation, together with the analysis of the different stages of self-organization during the annealing, suggests that a basic step of nucleation and growth is represented by the condensation of an extended network of hydrogen bonds. In our simulations, this takes place at T ϳ 320 K. It is tempting to speculate that for extended systems this event represents the driving force triggering the liquid to solid transition. It is also important to note that for N Ͼ 6, the energy of the hydrogen bonds represents only ϳ25% of the cluster cohesive energy, but it is also the contribution whose structural sensitivity is the highest.
Several other less prominent features are highlighted by the results of the geometry optimization. A pair of cholesterol molecules, for instance, tends to join along their flat ␣-side before aggregating into larger units. Both parallel and antiparallel molecular pairs are observed and appear as relevant structural motifs in medium-size clusters. They appear also in the results of simulations for extended bilayers in and on water. Computations reveal also a fairly wide variety of defects, including misoriented molecules pointing in the direction opposite to the prevalent local orientation and molecules lying in the equatorial plane of the cluster, wrapped around the disk defined by the OH groups and by their hydrogen bonds.
The fairly weak cholesterol-cholesterol binding energy, together with the amphiphilic character of this molecule, makes cholesterol clusters very sensitive to solvation. Relatively short simulations for medium-size clusters in water and in supercritical carbon dioxide show that, as expected, drastic and opposite effects result from embedding cholesterol into a medium able to form hydrogen bonds such as water or into a hydrophobic fluid ͑supercritical CO 2 ͒ preferentially binding to the hydrocarbon body and tail of cholesterol. In both cases, clusters are more rounded than in the gas phase. In water at near ambient conditions, however, clusters of up to 40 molecules still display a residual discoidal character. Molecules, on average, are nearly parallel and arranged on two planes. This time, however, the hydrocarbon tails of cholesterol occupy the center of the bilayer, which exposes two circular and relatively flat hydrophilic surfaces to the water environment. The important aspect therefore is still hydrogen bonding, in this case, however, between cholesterol and water. The small size of the aggregates, nevertheless, prevents the formation of a continuous and complete hydrophilic surface able to protect the hydrocarbon bodies and tails from contact with water that instead occurs at the lateral surface of the discoidal aggregates. Larger sizes are apparently needed for the generation of well formed micelles. Clusters made of ten cholesterol molecules, however, appear to be stable in water up to T = 350 K, thus establishing an upper bound for the saturation density at the condition of our simulations. This result is consistent with experimental data, 7 showing that the solubility of single cholesterol molecules in water is very limited. Plots of the density distribution around the center of mass of the cluster confirm that clusters are fluidlike already at T = 320 K, as suggested also by the high relative mobility of molecules. Moreover, the cluster boundary is fairly broad ͑⌬ 10 90 =5Ϯ 1 Å͒, and the majority of the OH groups reside at the interface with water.
At the temperature and pressure of supercritical CO 2 , instead, OH groups are spread all over the cholesterol cluster, with only a few hydrogen bonds surviving. The cluster shape fluctuates significantly and rapidly, but up to T = 400 K the cholesterol aggregate retains its identity over the nanosecond time scale of our simulations.
The results of the present investigation suggest several directions of further exploration. First of all, anhydrous cholesterol crystals are known to spontaneously absorb water at ambient conditions, transforming into cholesterol monohydrate. It would be interesting to investigate how the addition of water affects the stability and growth pattern of nanometric cholesterol aggregates. Unfortunately, this investigation poses significant challenges since the combination of small͑water͒ and medium-size ͑cholesterol͒ molecules greatly decreases the efficiency of our MC sampling, undermining the applicability of our structural optimization procedure.
For cholesterol solvated in water, the primary target of further investigations will be the identification of the transition size from clusters to micelles, i.e., to aggregates exposing a continuous and complete hydrophobic surface to the water environment. This could have important implications for understanding the nucleation of cholesterol gallstones that, however, in real biological processes involves several other ingredients, such as electrolytes, proteins, and biomembranes. 38 Moreover, for clusters solvated into CO 2 , the computation of thermodynamic properties as a function of size could provide data to characterize and understand extraction processes aiming at lowering the cholesterol content of food. 19 Already at this stage, however, the results of our computations provide useful information to understand the basic steps of cholesterol aggregation that, in turn, plays an important role in important biological processes. Moreover, we hope that our results will motivate experimental investigations of these systems. Molecular beam techniques and spectroscopy measurements for single molecules in an electrostatic trap have been carried out on system of even greater complexity than cholesterol clusters. In the case of cholesterol clusters, experiments of this kind could provide quantitative information on the structure and dynamics over a wide range of size and thermodynamic conditions.
